The interactions between single molecules and threedimensional donut modes in fluorescence microscopy are discussed based on the vector diffraction theory of light. We find that the use of donut modes generated from a linearly polarized laser beam can yield information about the orientation of immobilized single molecules, allowing for their use in orientational imaging. While fairly insensitive over a range of orientations, this technique is seen to be very sensitive for the subset of orientations where the transition dipole of the molecule is oriented close to the optical axis of the microscope and perpendicular to the input polarization. In a second part of the paper we discuss the impact of the molecular orientation on the resolution improvement in STED microscopy. We find that, even for circularly polarized excitation light, the expected resolution improvement depends on the orientation of the molecule relative to the optical axis of the microscope. 349-357 (1959). 14. B. Richards and E. Wolf, "Electromagnetic diffraction in optical systems II. Structure of the image field in an aplanatic system," Proc. R. Soc. Lond. A 253, 358-379 (1959). 15. C. Sheppard and T. Wilson, "The image of a single point in microscopes of large numerical aperture," Proc. R.
Introduction
In the past several years the manipulation of the wave front of a laser beam has become the focus of intense research. An interesting topic in this respect is the creation of laser beams that lead to sharp, zero-intensity 'holes' surrounded by regions of intense illumination when focused. A spatial intensity distribution with a sharp zero at the focus point is often called a 'donut mode', and these modes attract a considerable amount of attention as they can be used to achieve a sub-diffraction limit resolution in optical microscopy when used in combination with a second, unmodified, laser beam [1] . Other applications have been demonstrated as well [2, 3, 4] . Several strategies for generating donut modes have been proposed, including the use of circular π-phase shapers [1, 5] , and the use of Laguerre-Gaussian [6] or axially-symmetrically polarized [7, 8, 9] laser beams.
In fluorescence microscopy these donut modes can be used in several ways. One way is to excite an ensemble of molecules directly, so that the excited-state distribution resembles a donut shape. Alternatively the light from the donut mode can be used to deactivate molecules in the excited state shortly after the excitation of the sample by another laser beam, through stimulated emission, or to deactivate molecules through the formation of 'dark states' (e.g.; by making use of fluorescence photoswitching).
Because this deactivation or 'dumping' occurs only in the region surrounding the sharp intensity zero, donut modes can be used in the realization of superresolution microscopy by making use of reversible, saturable optical transitions (RESOLFT) [10, 11] . In stimulated-emission depletion (STED) microscopy [1] the quenching of the fluorescence is achieved by red-shifting the donut-mode laser to the red part of the emission band of the dye, leading to stimulated emission, while the molecules in the central 'hole' region are left to fluoresce spontaneously.
In many applications the effect of the donut mode irradiation is considered to be entirely determined by the spatial distribution of the light intensity. While this is obviously a fundamentally important parameter, the light distribution at any point in space is characterized not only by its amplitude but also by its polarization. In general this polarization depends on the input polarization and the position in space relative to the center of the focus.
Most dyes in practical use are characterized by a well-defined transition dipole moment, which is the direction along which the excitation or quenching light is preferentially absorbed. This underlines the importance of the light polarization, and the net result is that the effect of donut mode illumination on a given molecule will depend not only on its position relative to the center of the donut, but also on its orientation. In this paper we wish to examine the effect that this polarization dependence has on the resolution increase that can be obtained in STED microscopy, and whether this dependence can be used for orientational imaging. While these topics might seem only mildly related at first sight, we will find that the same orientational dependence required for the determination of the molecular orientation also has a significant effect on the imaging resolution in STED microscopy. To this end we make use of a combination of theoretical calculations supported by experimental measurements on a sample consisting of individual phenoxy-substituted terylenediimide (TDI) molecules dispersed in a polymethylmethacrylate (PMMA) matrix, which leads to their translational and rotational immobilization. As single molecules can be regarded as ideal dipole absorbers and emitters [12] , these molecules can then be used as probes for the local electric field imposed by the donut-mode laser beam.
Materials and methods
The phase shaper that was used for the experimental generation of the donut mode was fabricated according to the procedure described in Ref. [5] . Briefly, a thin circular polymer film was prepared on a glass slide and placed into the beam of a helium-neon laser emitting at 633 nm. The thickness and size of the polymer film were chosen such that it induced a π retardation of the wavefront in the central part of the laser beam. This modified beam was then introduced into an Olympus IX70 confocal microscope, where it was focused into a donut mode using an Olympus 100× NA 1.3 oil immersion objective. The excitation power at the sample was 7.3 μW, and the same objective was used to collect the fluorescence emission, which was detected using a Perkin-Elmer SPCM-AQR-14 avalanche photodiode. Appropriate optical filters were selected to remove the remaining excitation light.
As was mentioned previously, the sample consisted of a film of phenoxy-substituted terylenediimide (TDI) molecules dispersed in a PMMA matrix at single-molecule concentrations, spincoated on carefully cleaned coverglasses. These coverglasses were placed onto a piezo-scanning stage (Physike Instrumente), which was used to obtain fluorescence scanning images. For these images the bin-time for each pixel was 5 ms or 10 ms, and the imaged areas were 10 μm × 10 μm or 2 μm × 2 μm. The theoretical calculations were based on the vector-wave optical theory as developed by Richards and Wolf in Ref. [13, 14] . In calculating the orientational imaging we adopted the following parameter values of the focusing oil-immersion objective: numerical aperture NA = 1.3, focal distance 1.8 mm resulting in a back aperture diameter of the objective of 4.68 mm. The refractive index of the immersion oil was assumed to be 1.51, and the excitation wavelength was set to 633 nm. The diameter of the laser beam entering the back aperture of the objective was set to 5 mm (slightly overfilling the back aperture for achieving nearly diffraction-limited focusing), and the phase plate diameter was set to 2.95 mm.
For the STED simulations we assumed plane-wave excitation, which is equivalent to a strongly overfilled back aperture of the objective, and corresponds to diffraction-limited focusing. In these calculations the diameter of the phase plate was set to 3.33 mm, k de−act was set to 0.2 ns −1 , while k ST ED was defined relative to k sat ST ED , as discussed in the text. The STED pulse was assumed to have a square shape, with a duration of 100 ps. The wavelengths of the excitation laser and the donut-mode laser were chosen to be 488 and 633 nm, respectively.
Results and discussion

Orientational imaging
In general the probability that a molecule will absorb a given photon is proportional to cos 2 φ , where φ is the angle between the transition dipole moment of the molecule and the polarization of the photon. If we consider a donut-like spatial distribution of the excitation light in the focus then this relation leads to a rather complex picture, as the transition probability depends not only on the position of the molecule relative to the center of the donut, but also on its orientation. As such we expect the excitation or quenching probability distribution of a single dipole absorber to deviate from the ideal circularly symmetric donut mode intensity distribution. This is experimentally verified in Fig. 1 , where experimentally measured fluorescence images of single molecules are displayed. For the acquisition of these images the Gaussian beam of the linearly polarized excitation laser was modulated into a donut mode and scanned over the sample, while recording the fluorescence emission at every position. The sample molecules were immobilized in such a way as to prevent rotation, so that they function as probes for the intensity distribution and polarization of the excitation light. In general the resulting images show different patterns for each molecule, depending on the orientation of its molecular transition dipole moment.
This finding suggested that linearly polarized excitation light in a donut mode can be used to obtain information on the molecular orientation of single molecules. In an attempt to quantify this phenomenon we devised a set of calculations, in which we determined the polarization of the electric field in the donut mode at every position and calculated the magnitude of the electric field component parallel to a given dipole orientation. A comparison between some experimentally measured and calculated images is shown in Fig. 2 , while the results from the calculations are summarized in Fig. 3 . In both of these figures θ denotes the out-of-plane angle between the molecular transition dipole and the optical axis of the microscope, while φ is the in-plane angle between the excitation polarization and the transition dipole (the polarization of the input laser beam is taken to be along the x-axis).
In some cases this polarization dependence leads to strong deviations from the intuitively expected circular symmetry, as can be seen in Fig. 2 . For example, a molecule with its transition dipole moment oriented along the optical axis of the microscope (θ = 0°) is observed as two crescents with bright spots at the center. By contrast, molecules oriented perpendicular to the optical axis can appear as a bright circle or as a cloverleaf shape, depending on whether their orientation is parallel or perpendicular to the excitation polarization (φ = 0°or 90°, Fig. 3 ). Because the relative intensities of the x, y, and z components are in general not equal, the maximum fluorescence emission will vary according to the molecular orientation. This is summarized in Fig. 3 , where the expected maximum fluorescence emission for each of the dipole orientations is given relative to that of an x-oriented molecule. The values in this figure were corrected for the different collection efficiencies associated with a given dipole orientation [15, 16] , assuming that the focusing of the excitation light and the fluorescence collection are done using the same microscope objective.
As is clear from the previous discussion, after recording a scanning image of an immobilized single molecule we can infer some information about its orientation. However, careful examination of the calculated patterns in Fig. 3 demonstrates that this method is not equally sensitive to every molecular orientation. For example, the calculated patterns do not change significantly if we set θ = 0°and vary φ from 0°to 90°. However, the patterns do change significantly if both θ and φ are close to 90° (Fig. 4) , and as such the method is seen to be very sensitive to small changes in orientation around these angles, though in actual measurements this sensitiv- ity could be reduced by the rather low expected fluorescence intensities for these orientations (Fig. 4) .
Several other techniques for determining the two-or three-dimensional orientation of an immobilized single molecule using far-field microscopy have been proposed and demonstrated. Well-known approaches include the controlled introduction of abberations [17] , modulation of the excitation and/or detection polarization [18, 19] , (defocused) wide-field imaging [20, 21, 22, 23, 24] and annular illumination [25, 26] . While, for example, defocused widefield imaging retains its sensitivity to the molecular orientation over a wider range of possible orientations, we believe that the present technique is comparatively very sensitive for molecules oriented close to the optical axis of the microscope and roughly perpendicular to the polarization of the excitation light. We thus see that this method has potential for the analysis of single-molecule orientations with high accuracy, but only for a subset of all possible molecular orientations.
STED microscopy
As we have already mentioned in the introduction, donut modes are extensively used for the realization of light microscopy with sub-diffraction resolution by making use of stimulated emission [27] . This approach is based on the idea that the donut-mode irradiation selectively deactivates only the molecules along the outer edge of the focal volume, while the molecules close to the zero-intensity 'hole' are left to fluoresce spontaneously. Moreover, the dimensions of this hole can in theory be arbitrarily reduced by increasing the intensity of this 'dumping' beam, or, to a certain extent, by increasing its duration. In STED this deactivation is done through stimulated emission, and an increased intensity for the dump beam will usually lead to an increased resolution if photobleaching and higher-excited state processes can be avoided [28, 29] . Increasing the duration of the dump beam allows more molecules to be quenched, and can avoid re-excitation of already quenched molecules if this duration is longer than the time required for vibrational relaxation from the vibrationally excited levels of the ground state. However, this duration should not exceed a fraction of the molecule's natural excited state lifetime, as the quenching has to take place before any appreciable fluorescence is emitted.
Stimulated emission, like absorption, is characterized by a well-defined transition dipole moment. Moreover, in many cases the orientation of this transition dipole will be highly similar to that of the associated transition dipole for absorption. The net result is that the probability that a given molecule will be quenched similarly depends not only on its position, but also on its orientation, as has been noted before [30, 31, 32] . Because of the similarity between the processes of absorption and stimulated emission this dependence is similarly given in Fig. 3 .
In order to quantify the effect of the molecular orientation on a possible resolution improvement we ran a series of additional simulations. For these simulations we assumed that a large ensemble of molecules with identical orientations is distributed uniformly in a two-dimensional film (equivalently the resulting images can be interpreted as scanning images of a single immobilized molecule), and that the rate of stimulated emission k ST ED at an arbitrary position is proportional to the intensity of the donut mode beam along the molecule's transition dipole moment. The proportionality constant will be determined by the excited state absorption cross section of the molecule and the probability for stimulated emission, and possibly other factors such as re-excitation of the quenched molecules. Furthermore we assume that the total fluorescence emitted at time t is proportional to the excited state population at t, so that the total amount of fluorescence I that is emitted at every position was then calculated according to
In this equation k de−act is the sum of the rate constants of all processes occurring from the excited state except stimulated emission, I 0 is the total fluorescence emission if no dump beam was applied, and τ is the duration of the dump beam. This equation is based on the assumption that after the excitation of the sample the dump beam is applied immediately, as a square pulse with a characteristic duration τ, and the integration of the resulting excited state population over time.
For the purpose of these simulations we are not interested in absolute populations, STED rate constants, or fluorescence intensities, but rather in the relative differences between the excitation and quenching of molecules at different sample positions and different molecular orientations. In other words, the absolute excited state population and fluorescence at a given position can be scaled by arbitrary (but constant) factors, which simplifies the calculation and allows the results from the diffraction calculation to be used directly. Accordingly we define a 'saturation STED rate constant' k sat ST ED as the rate constant which leads to a half depopulation of the excited state after being applied for a duration τ, so that k sat ST ED is given by ln 2/τ. Figure 5 shows some results from our calculations. Fig. 5(a) displays the probability that a molecule at a given position in space and with the specified orientation will absorb a photon to form the excited state ('excitation') and the probability that this molecule will be quenched by the dump pulse if it is in the excited state ('dump'), assuming that these states display an identical orientation of the transition dipole moment. As was mentioned before, for the excitation pulse a normal-mode laser beam is assumed, while the dump pulse is modulated into a donut mode. In both of these cases the transition probability depends on the dipole orientation, and both laser beams are assumed to be linearly polarized in the same plane, which we take to be the x-direction. Figure 5(b) shows the expected total generated fluorescence (down to a scaling constant) at each position for a single excitation-dump cycle, which is calculated by combining the calculated dipole interactions and equation (1) . The intensity of the applied dump pulse irradiation is proportional to the ratio k ST ED /k sat ST ED , which is determined by the maximum value of k ST ED for each calculation, and the duration of the pulse is taken to be 100 ps. As is clear from Fig. 5 , the resulting fluorescence distribution for STED measurements depends extensively on the orientation of the molecular transition dipoles: for an x-oriented molecule this distribution is seen to be more or less Gaussian in shape, with a clear increase in resolution as the power of the dump pulse is increased (which is reflected in an increased k ST ED ). By contrast, the images for the y-and z-oriented molecules show a clearly different picture: unlike the approximately Gaussian distribution of the resulting fluorescence for the x-oriented molecule, the fluorescence distribution is seen to correspond to a cloverleaf shape for the y-oriented molecule, and a double crescent shape for the z-oriented molecule. Moreover the general appearance of these patterns changes as the power of the dump beam is increased.
Obviously then, a STED measurement using linearly polarized laser beams will lead to a resolution increase for only some molecular orientations, while other molecules will instead contribute in more or less unpredictable ways to the resulting STED image. However, because the intensities of the y-and z-components are generally less compared to the intensity of the x-component, the relative contribution of these 'exotic' patterns will also be less significant compared to the contribution of the x-oriented molecules, as shown in Fig. 5(b) . However, it is important to realize that the values for F max r listed in this figure do not take the different collection and detection efficiencies associated with a particular experimental geometry and dipole orientation into account. Thus, using a typical (epifluorescence) setup the recorded emission for a z-oriented molecule will be less than can be expected from Fig. 5(b) .
In most or all of the actual STED measurements that have been performed both the excitation and dump laser beams are modified to obtain a circular polarization. In this case there is no more dependence of the orientation on the in-plane rotation angle φ . However, there is still a dependence on the out-of-plane rotation angle θ , and the results of these calculations are summarized in Fig. 6 . In these plots both the dipole interaction of the excitation and dump beam, as well as the resulting STED images are displayed for different molecular orientations, ranging from completely in-plane (θ = 90°) to completely out-of-plane (along the optical axis of the microscope, θ = 0°). The STED fluorescence images once again display a marked dependence on the molecular orientation: for θ ranging from roughly 10°to 90°the images correspond to a central bright spot with weak fringes, while for θ less than 10°the central fluorescence spot splits up into a donut shape with several fringes.
It follows then that the intuitive increase in resolution from STED microscopy is only visible if θ is larger than 10°. Even then, and perhaps counterintuitively, we do not obtain the largest increase in resolution when the molecule is completely in-plane, but rather when θ is close to 21.5°. This is a consequence of the fact that the diameter of the center ring in the donut mode is smaller for the z-component of the electric field compared to the in-plane component, even though the intensity of the z-component is less than this in-plane component. Moreover, because of the different intensities of each polarization component the different orientations will in general not contribute equally to the emitted fluorescence. These findings are summarized in Fig. 7 , where the relative maximum fluorescence emission and the expected resolution are plotted as a function of the out-of-plane angle θ , both for normal-mode and STED microscopy. In this figure we approximate the resolution as the full-width at half maximum (FWHM) of the center bright spot, though we did not estimate the resolution for those cases in which the STED images do not correspond to a central fluorescence maximum. By taking into account the probability that a randomly oriented molecule will have its transition dipole moment between an angle θ and θ + dθ we can build up a frequency histogram, which shows the expected distribution of the resolution for randomly oriented molecules at different ratios of k ST ED /k sat ST ED (Fig. 7) .
It is interesting to note that an analogous dependence on the molecular orientation was found for the precision with which individual fluorophores can be localized in wide-field microscopy [33] . While this technique, and its practical implementation, are fundamentally different compared to STED microscopy, this similarity suggests that the molecular orientation is an important parameter whenever a very high resolution or precision is desired.
Conclusions
In this paper we have discussed the effect of the electric field polarization on the use of donutmode laser beams. To this end we have calculated a series of simulated images by making use of the vector diffraction theory of light. We find that the use of a linearly polarized donutmode laser beam for fluorescence imaging can reveal details on the molecular orientation of immobilized single molecules, with a high sensitivity for discriminating molecular orientations close to the optical axis of the microscope and perpendicular to the input polarization.
In a second part of this paper we considered the effect of this polarization on the expected resolution increase in STED microscopy. We find that there is a marked dependence of the resulting STED images of single molecules on the molecular orientation. For linearly polarized laser beams the expected increase in resolution is visible only when the molecules are oriented parallel to the polarization of the laser beams and in-plane (φ = 0°and θ = 90°). Other orientations generally lead to unexpected patterns, which no longer resemble a bright central fluorescence spot but rather cloverleaf or double-crescent shapes.
To match most experimental conditions we further simulated the effect of molecular orientation in combination with circularly polarized excitation and dump laser beams in STED microscopy. We find that the expected resolution increase depends significantly on the outof-plane angle θ , and that the increase is at a maximum for θ roughly equal to 21.5°. If the orientation of the single molecule is close to the optical axis of the microscope (θ < 10°) then the resulting fluorescence image no longer corresponds to a central fluorescence spot, so that there is no intuitive increase in resolution. We thus find that there is always a distribution of the resolution improvement for STED measurements, depending on the orientations of the sample molecules.
